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H I G H L I G H T S
• Fatigue behavior of 3D printed nickel
alloy 718 specimens with varying
print orientations and heat treat-
ments was studied.
• A modiﬁed heat treatment was intro-
duced to induce grain growth and
recrystallization.
• The modiﬁed heat treated speci-
mens’ fatigue behavior was the most
isotropic.
• A threshold where the roughness
overtakes the print orientation as
the force behind fatigue-based failure
was discovered.
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A B S T R A C T
The tension-tension fatigue behavior of heat treated selective laser melted (SLM) nickel alloy 718 (IN718)
tensile specimens was tested and compared to as-built specimens. In addition to the industry standard
IN718 heat treatment, a modiﬁed heat treatment was developed and tested in order to mitigate the
anisotropic mechanical properties inherent to SLM materials. Electron backscatter diffraction veriﬁed that
the modiﬁed heat treatment signiﬁcantly affected the microstructure in all build planes. Three different
print orientations were studied to determine their effect on the fatigue behavior. Both heat treatments
improved the fatigue life of the specimens, although neither surpassed the fatigue life of wrought specimens.
Themodiﬁed heat treatment reduced the effect of the print orientation on the fatigue life. Surface roughness
estimates made by laser scanning microscopy revealed a threshold between roughness controlled fatigue
life behavior and print orientation fatigue life dependence. Fracture surface analysis indicated that the print
orientation was the greatest factor that inﬂuences crack initiation and propagation.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Selective laser melting (SLM) is a viable alternative to metal forg-
ing and casting due to its ability to produce parts with ﬁne details
* Corresponding author.
E-mail address: gcobb@aﬁt.edu (G.R. Cobb).
as well as create prototypes that can be implemented into working
equipment [1]. SLM research has been performed on metals such
as titanium alloy Ti-6Al-4V, stainless steel, and nickel alloy 718
(IN718) [2]. IN718 is an attractive material for SLM components due
to its weldability and corrosion resistance. However, the material
properties of components made by SLM must be fully understood
to ensure they can be safely implemented into existing equipment.
The layer-by-layer melting process of SLM causes anisotropy in the
https://doi.org/10.1016/j.matdes.2019.108095
0264-1275/© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Chemical composition of the IN718 used in the wrought and SLM specimens as reported by the manufacturer. Note that there were also trace (< 0.1%) amounts of Mn, Si, S, P, B,
Cu, Ca, C, Mg, O, and N.
Element Ni Cr Fe Nb+Ta Mo Ti Al Co
% by Weight 54.05 18.08 17.69 5.32 2.93 0.97 0.45 0.2
microstructure of as-printed parts. The grains grown in the build
direction are long and columnar, while grains transverse to the build
direction are generally equiaxed [3]. As a result, the material prop-
erties of SLM parts are dependent on their build orientation, and
parts with identical geometries will have unpredictable behavior if
the print direction is unknown.
As with traditionally wrought materials, the microstructure of
additively manufactured metals can be manipulated by heat treat-
ment. The heat treatment standard AMS 5662 is commonly applied
to IN718 components [4], but previous research has shown that it
does not induce grain growth or eliminate the columnar grains from
printedmaterials [5–7]. Recent research by Raghavan has shown that
annealing SLM parts at temperatures higher than the solvus temper-
ature of IN718’s various phases (d,c′,c′′, and Laves) leads to grain
growth [8]. This suggests that further reﬁning the anneal time and
temperature can potentially mitigate the anisotropy of SLM parts.
As previously stated, the material properties of SLM parts are
dependent on their build orientation. While the tensile proper-
ties of SLM IN718 printed under various conditions have been well
researched [3,9–11], there are limited studies regarding its fatigue
life. Konecˇná studied the high-cycle fatigue behavior of as-built SLM
IN718. He found that the SLM material is less resistant to crack
growth at low Ka values but has comparable crack growth resistance
at Ka values above 10MPa m1/2 [12]. Witkin studied the high-
cycle fatigue life of a notched SLM IN718 specimen. He found that
machined parts had similar fatigue behavior as traditionally manu-
factured IN718, while non-machined parts failed much sooner [13].
These results were also observed by Kelley [14]. Since SLM can cre-
ate intricate parts with geometries that are diﬃcult to post-process
using traditional methods, a different method must be developed
to improve the fatigue life of these parts. In addition to SLM, the
fatigue life of IN718 parts created by electron beammelting [15] and
direct laser deposition [16] have also been studied. However, none of
these studies have speciﬁcally attempted to modify the microstruc-
ture to mitigate its anisotropy. The authors believe that this is the
ﬁrst study that focuses on improving the fatigue life of SLM IN718 by
manipulating its microstructure.
This study presents fatigue life data for SLM IN718 parts printed in
three different orientations (0◦, 45◦, and 90◦). Parts built in each ori-
entation were prepared using three different heat treatment meth-
ods (none, AMS-5662 treated, modiﬁed). The number of cycles to
failure at different stress values for each test case were measured
in order to produce S-N curves. The surface roughness and frac-
ture surfaces were also analyzed to account for variations in the
fatigue life. This research serves as preliminary evidence that the
anisotropy inherent to SLM can be reduced by modifying the applied
heat treatment.
Table 2
Summary of the laser parameters. The contours surround the inner and outer parts of
the skin to create higher uniformity in the part.
Section Laser power (W) Spot size (lm) Speed (mm s-1)
Core 370 180 700
Skin 180 130 800
Contour 120 50 280
2. Materials and methodology
2.1. Test specimens
Specimenswere printedwith a Concept LaserM2 cusing 3Dmetal
printer using IN718 powder purchased from the Powder Alloy Cor-
poration (Loveland, Ohio, USA). The powder had an average diameter
of 40 lm, and its chemical composition is presented in Table 1. The
specimens were printed using the island scan strategy and the skin-
core method. The inner core of the part was printed with a higher
power and spot size than the skin. This reduced the print time while
retaining the mechanical properties of a traditionally manufactured
part. The skin was approximately 2mm thick. The associated laser
parameters are presented in Table 2. The islands were 5mm× 5mm,
and they were printed stochastically. The height of each print layer
was 40 lm.
Rectangular tension test specimens were printed using ASTM
E8M [17] as a baseline and modiﬁed accordingly to prevent the
mechanical test system from overloading at the set frequency. A
4mm offset was implemented in the specimen design. The offset
was included to decrease thermal stresses and increase the amount
Fig. 1. Representative specimens printed using three different orientations: 0◦ (a), 45◦
(b), and 90◦ (c). The specimen design is based on ASTME8M. The XY plane is transverse
to the build direction, while the XZ and YZ planes are parallel to the build direction.
Table 3
Summary of the different specimen types. The modiﬁed specimens were annealed for
four hours at 1160 ◦ C.
Specimen ID Print orientation Heat treatment Quantity prepared
ASH 0◦ None 4
ASD 45◦ None 8
ASV 90◦ None 7
AHH 0◦ AMS 5662 4
AHD 45◦ AMS 5662 5
AHV 90◦ AMS 5662 5
AHMH 0◦ Modiﬁed 7
AHMD 45◦ Modiﬁed 5
AHMV 90◦ Modiﬁed 4
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Fig. 2. Mechanical testing machine with a fatigue sample (a) that is tested in a
tension-tension loading proﬁle (b). The maximum applied load ranged between 15%
and 80% of the UTS.
of thermal conduction into the build plate. The specimens were
removed from the build plate usingwire electrical dischargemachin-
ing. The nominal dimensions of the specimens’ gauge length and
gripswere 112mm× 21mm× 2.5mmand 38mm× 21mm× 6mm,
respectively. Three separate specimen sets were printed: 0◦ (printed
along the length of the specimen), 45◦, and 90◦ (printed along the
cross-sectional area of the specimen). The different print orienta-
tions are presented in Fig. 1. Four specimens were printed for the
monotonic tensile tests, while four specimens were printed for each
set of fatigue specimens. In some cases, additional specimens were
printed to better characterize the fatigue life at low stress ampli-
tudes. This resulted in 49 total specimens studied. A summary of
the different specimen types is presented in Table 3. Four wrought
IN718 specimens were also machined to these speciﬁcations to serve
as a baseline of comparison for the fatigue life.
2.2. Heat treatment
Two separate heat treatments were performed for this research at
WinstonHeat Treating (Dayton, Ohio, USA). One set of SLMspecimens
Fig. 3. Grain structure of the as-built (a,d), ASM-5662 treated (b,e) and modiﬁed heat treated (c,f) IN718 specimens. The areas presented in (a–c) are transverse to the print
direction, while the areas presented in (d-f) are parallel to the print direction. The modiﬁed heat treatment increased the grain size by a factor of 2.5.
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Table 4
Average grain size, grain orientation spread, and twin fraction for the three test cases. The ASM standard heat treatment does not affect these parameters, while the modiﬁed heat
treatment increases them.
Transverse to build direction Parallel to build direction
Specimen Grain diameter (lm) Recrystallization (%) Twin fraction Grain diameter (lm) Recrystallization (%) Twin fraction
As-built 9.75 29.1 0.016 12.2 19.1 0.029
ASM heat treatment 9.91 37.5 0.008 13.8 17.5 0.027
Modiﬁed heat treatment 26.03 94.3 0.215 31.57 96.6 0.262
and the wrought specimens were annealed in a vacuum furnace as
speciﬁed in AMS 5662 for one hour at 1010 ◦C. The second set of
SLM specimens was ﬁrst annealed for four hours at a temperature
of 1160 ◦C. The modiﬁed treatment’s temperature is in line with the
temperatures prescribed for hot isostatic pressed (HIP) IN718 found
in Section 13 of ASTM F3055 [18]. Annealing IN718 at 1160 ◦C allows
its grains to recrystallize and grow. The differences in the resulting
microstructures will be further discussed in the Results section. All
anneals were followed by a rapid nitrogen gas quench and subjected
to adouble-aging treatment asdescribed inAMS5663 [19]. Theywere
aged in a vacuum furnace at 718 ◦C for eight hours, furnace cooled
over two hours to 621 ◦C, held at 621 ◦C for an additional eight hours,
and ﬁnally cooled to room temperature with air. The specimenswere
notHIPedor furthermachinedafter theheat treatmentswereapplied.
2.3. Mechanical testing
Both monotonic tensile tests and fatigue tests were conducted
in an MTS 810 Servo Hydraulic Machine equipped with an MTS 647
Hydraulic Wedge Grip (MTS Systems Corporation, Eden Prairie, Min-
nesota, USA). The grip system loaded with a specimen is presented
in Fig. 2a. The system contained a load cell with a maximum capacity
of 100kN. An extensometer was attached to each of the specimens’
gauge sections to measure the difference in the strain. Tensile tests
were performed in force control mode at a stress rate of approxi-
mately 5MPa s-1. The fatigue tests performed were tension-tension
(see Fig. 2b). They were performed in force control mode using a fre-
quency of 10Hz and a stress ratio, R, of 0.1. Each specimen set was
tested using max stresses ranging from 15% to 80% of the ultimate
tensile strength (UTS) of the as-built specimens. They were tested
until failure had occurred or two weeks had elapsed. Force and dis-
placement data were collected throughout the experiment in order
to calculate the specimens’ mechanical properties.
2.4. Microscopic analysis
Samples from each specimen set were prepared for electron
backscatter diffraction (EBSD) analysis. The samples were mounted
Fig. 4. Stress-strain data for as-built AM specimens. The overlap seen in the curves
indicates that the printing process was very consistent.
in a conductive phenolic resin, polished down to 1 lm using a
Buehler EcoMet 300 (Illinois Tool Works, Lake Bluff, IL, USA), and
further polished overnight using 0.05 lm SiO2 solution in a Buehler
VibroMet (Illinois Tool Works, Lake Bluff, IL, USA). EBSD analy-
sis was performed with an EDAX TEAM Pegasus system (Ametek
Materials Analysis Division, Mahwah, NJ, USA) in a TESCAN MAIA3
scanning electronmicroscope (SEM) (TESCAN, Brno, Czech Republic).
The accelerating voltage of the source beam was 20kV and the beam
intensity was 20. Surface areas parallel and transverse to the build
directionwere analyzed in order to develop a complete picture of the
specimens’ grain structure. A description of both planes is presented
in Fig. 1 . The chemical composition of the scanned areas was col-
lected concurrently with the EBSD data using an energy-dispersive
X-ray spectroscopy (EDS) detector (Ametek Materials Analysis Divi-
sion, Mahwah, NJ, USA). Grain analysis was performed using EDAX’s
OIM™ Analysis software (Ametek Materials Analysis Division, Mah-
wah, NJ, USA).
After fatigue testing had concluded, the failure region was sec-
tioned from the specimens for microscopic analysis. Surface rough-
ness analysis was performed using a ZEISS LSM 700 laser scanning
confocal microscope (Carl Zeiss AG, Oberkochen, Germany). The area
near the failure region was analyzed to determine the specimens’
average surface roughness values. A 555-nm wavelength focused
laser beam was used to scan the surface, which generated a sur-
face roughness proﬁle based on the reﬂected intensity of the laser.
The arithmetical mean height of the surface (Sa) was determined
using this proﬁle. Images taken at the failure region were acquired
using a Tescan MAIA3 ﬁeld emission SEM. The source beam had an
accelerating voltage of 15 kV and a spot size of 8.1 nm.
3. Results and discussion
3.1. Grain analysis
The grain properties of the different specimen sets were analyzed
using EBSD. The EBSDmaps collected from the 0◦ specimens are pre-
sented in Fig. 3, while grain analysis data is presented in Table 4.
The grain maps and data for the 45◦ and 90◦ specimens were simi-
lar to those presented in Fig. 3 and will not be presented. The grains
of the as-built (Fig. 3a and d) and ASM-5662 treated (Fig. 3b and e)
specimens are very similar in shape and size for both the parallel
and transverse planes, which is expected based on previous research
[5–7]. Both maps display small, equiaxed grains in the transverse
plane (Fig. 3a and b) and long, columnar grains in the parallel plane
(Fig. 3d and e). The grain maps of the modiﬁed heat treated spec-
imens (Fig. 3c and f) resemble the grain maps typically reported
for wrought specimens. The grains of the modiﬁed heat treatment
were larger than both the as-built and ASM-5662 treated specimens’
Table 5
Mechanical properties of the as-built 0◦ specimens. These results were used to
calculate a baseline for the alternating stresses studied.
UTS (MPa) Yield strength (MPa) Elastic modulus (GPa) Elongation (mmmm-1)
986 ± 26 602 ± 18 89 ± 2 0.2 ± 0.01
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Fig. 5. S-N curves for the as-built (a), ASM-5662 treated (b), andmodiﬁed heat treated
(c) specimens. Both axes are scaled logarithmically and do not begin at the origin.
The S-N curve for wrought heat treated IN718 specimens (WAH) is also included as a
baseline for comparison.
Fig. 6. S-N curves for the 0◦ (a), 45◦ (b), and 90◦ (c) specimens. Both axes are scaled
logarithmically and do not begin at the origin. The S-N curve for wrought heat treated
IN718 specimens (WAH) is also included as a baseline for comparison.
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Table 6
Parameters for the S-N curve equation. The relationship was modeled using a power
law. Wrought heat treated specimens (WAH) are also included for comparison.
Specimen A B
ASH 2283.6 −0.206
ASD 5035.1 −0.293
ASV 1761.1 −0.201
AHH 2686.3 −0.199
AHD 1324.7 −0.137
AHV 5577.6 −0.306
AHMH 2179.4 −0.194
AHMD 5692.4 −0.266
AHMV 1812.2 −0.178
WAH 2301.6 −0.178
grains by a factor of 2.5. This was true for both the transverse and
parallel planes.
The grain orientation spread (GOS) was used to calculate
the degree of recrystallization presented in Table 4. The GOS
Fig. 7. Representative specimens exhibiting fully elastic deformation (a) and elastic-
plastic deformation (b).
characterizes the amount of misorientation in a grain and is used to
quantify the amount of recrystallization in metals [20]. A misorien-
tation angle of 1.2◦ was selected as the threshold for recrystalliza-
tion. This threshold was selected based on research performed by
Cao [21]. The percentage of grains in the EBSDmapwith a GOS<1.2◦
for the as-built specimens was 29.1% and 19.1% for the transverse
and parallel planes, respectively. The ASM-5662 treated specimens
had similar degrees of recrystallization (37.5% and 17.5%), while the
modiﬁed heat treated specimens’ degrees of recrystallization were
much higher (94.3% and 96.6%).
The twin fraction was also measured for each test case. None
of the planes of the as-built or ASM-5662 treated specimens had
a twinning fraction that exceeded 0.03 (see Table 4). However, the
amount of twinned grains in the modiﬁed heat treated specimens
was 0.215 for the transverse plane and 0.262 for the parallel plane.
These values are comparable to the twin fractions for wrought speci-
mens with similar grain sizes studied by Jin [22]. The increased grain
sizes, degrees of recrystallization, and twin fractions of the modiﬁed
heat treated specimens conﬁrm that the modiﬁed heat treatment
signiﬁcantly changed the microstructure of SLM IN718.
Fig. 8. Sa values for the fatigue specimens (sa =270MPa)measured across a 1.4mm2
(a) and 0.1mm2 (b) area. Higher Sa values show a correlation to lower fatigue lives.
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Fig. 9. Micrographs of fatigue specimen surfaces. The average Sa value of (a) is 6.00
lm, while the average Sa value of (b) is 21.37 lm. The large particles found in (b) act
as potential stress concentration areas that reduce the specimens’ fatigue life.
Chemical analysis was also performed with EDS for the six test
cases. The chemical composition of the as-built and ASM-5662
treated specimens was evenly distributed across the measured area.
In contrast, the modiﬁed heat treated specimens had regions that
were niobium rich. The Nb-rich regions are believed to be carbides
due to their shape and size. None of the other phases found in
wrought IN718 were detectable using EDS.
3.2. Monotonic tensile and fatigue tests
Tensile data were measured for the as-built 0◦ specimens. The
stress-strain curves calculated from this data is presented in Fig. 4.
The curves show that therewas a high degree of consistency between
samples. A summary of the mechanical properties is presented in
Table 5. The strength values closely match previous research [23].
A baseline value of 1GPa was selected to calculate the alternating
stresses (sa) studied.
Fig. 5presents S-N curves for as-built, ASM-5662 treated, and
modiﬁed heat treated specimens. This data was rearranged based
on print orientation in Fig. 6. Both axes are scaled logarithmically.
Fatigue data for wrought specimens heat treated as outlined in ASM
5662 and ASM 5663 are also presented in each graph as a baseline for
Fig. 10. Representative failed specimens after undergoing high cyclic loading (left)
and low cyclic loading (right) (a). Note that the length of the crack surface (shiny areas)
is inversely proportional to the applied stress. Side view of the specimen subjected
to high cyclic loading (b). The dark area has a 45◦ slope, which indicates that shear
deformation occurred. Comparison of the fatigue surface of the 0◦ (left) and 90◦ (right)
specimens (c). The area where shear deformation occurred is more pronounced in the
0◦ and 45◦ specimens.
comparison. The S-N curves presented in Figs. 5 and 6 were modeled
using a power function in the form
sa = ANB, (1)
where sa is the alternating stress, N is the number of cycles, and
A and B are constants. The values of A and B for each test case are
presented in Table 6.
In almost all cases, the fatigue life of the SLM specimens did not
surpass the fatigue life of wrought IN718. The as-built specimens
performed the worst out of the three sets, and the predicted wrought
specimens’ fatigue life was at least one order of magnitude greater
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Fig. 11. Failure regions of the 0◦ (a,b), 45◦ (c,d) and 90◦ (e,f) specimens. Crack propa-
gation occurred in areas (a,c,e), while failure caused by overloading occurred in areas
(b,d,f). Smooth areas where layer adhesion did not occur are the most prevalent in the
90◦ specimens.
than all of the predicted as-built specimens at any given sa (see
Fig. 5a). Both heat treatments improved the fatigue life of the SLM
specimens. The 0◦ and 45◦ AMS-5662 treated specimens had fatigue
lives that were better than the corresponding modiﬁed heat treated
specimens, while the 90◦ AMS-5662 specimens’ fatigue life was
much lower than the fatigue life of the modiﬁed heat treated speci-
mens. There was also a great degree of variation within the observed
fatigue limits. Although most specimens survived when sa was less
than 90MPa, the as-built and modiﬁed heat treated 45◦ specimens
did not. Conversely, the AMS-5662 treated 45◦ specimens’ fatigue
limit exceeded all other specimens. Additional research should be
performed to determine if the observed range of the fatigue limit
resulted from the build orientation, the applied heat treatment, or
other outside factors.
As previously noted, the modiﬁed heat treatment was introduced
in order to mitigate the anisotropic behavior of SLM IN718 speci-
mens caused by the build orientation. While the fatigue life of the
Fig. 12. Highmagniﬁcation fractographs of the crack propagation region (a) and stress
overloading region (b). The area in (a) contains regions with fatigue striations, while
(b) contains characteristic dimples associated with elastic failure.
modiﬁed heat treated specimens did not surpass the fatigue life of
the AMS-5662 treated specimens, it did reduce the anisotropy caused
by the build orientation. This is evident in the 0◦ and 90◦ speci-
mens. Both the individual data points as well as the predictive S-N
curves nearly overlap in Fig. 5c. Further modiﬁcations to the applied
heat treatment would likely reduce the anisotropy present in the 45◦
specimens.
The stress-strain data was plotted in order to generate hystere-
sis loops for the test samples. Representative curves are presented
in Fig. 7. All of the 45◦ and 90◦ specimens exhibited the plastic and
elastic loading and unloading shown in Fig. 7b, while the 0◦ speci-
mens’ behavior varied based on the heat treatment. All of the as-built
0◦ specimens and the AMS-5662 treated 0◦ specimens with loads ≥
35% of the UTS exhibited an almost entirely elastic response dur-
ing testing (Fig. 7a), while the response of the modiﬁed heat treated
specimens was similar to the 45◦ and 90◦ specimens. This further
indicates that the modiﬁed heat treatment creates parts with more
isotropic microstructures and mechanical properties.
3.3. Surface roughness
The surface properties of a material directly affect its fatigue life.
Common loading failures initially occur at a material’s surface, and
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Fig. 13. Example defects including unadhered layers (a), partially sintered and unsintered particles (b), carbides (c), and pores (d). These defects can serve as locations where
cracks can form internally, which would ultimately reduce a specimen’s fatigue life.
higher strength materials such as IN718 are disproportionately sen-
sitive to surface defects [24]. The surface topography of an SLM part
can be affected by factors such as particle sizing effects, melt pool
dynamics, and location on the build plate. Excessive surface rough-
ness can be removed by post-processing but, as previously stated,
this can be diﬃcult to perform if a part has intricate features. The
modiﬁed heat treatment was introduced to attempt to eliminate the
need for further post-processing. In order to determine the domi-
nating factor that will predict a part’s fatigue life, surface roughness
must be studied in addition to the applied heat treatment.
The surface roughness versus the number of cycles to failure is
presented in Fig. 8. The specimens in Fig. 8 were all tested at an alter-
nating stress of 270MPa. Two separate surface areas (0.1mm2 and
1.4mm2) were measured to compare the overall surface roughness
values versus the localized surface roughness values. Each sample
was measured at ﬁve different areas near the failure region to gener-
ate the error bars seen in Fig. 8. Examples of specimenswith high and
low Sa are presented in Fig. 9. The specimens with the highest Sa val-
ues had the shortest fatigue lives. However, once a certain roughness
threshold is surpassed, the build orientation appears to be the main
factor that determines the fatigue life. This trend was also noted in
other specimen sets. Further research is required to deﬁne the tran-
sition region where build orientation surpasses Sa as the dominating
factor for predicting fatigue life.
3.4. Fracture surface
The fracture surfaces of the failed specimens were analyzed and
compared. All of the specimens exhibited distinct failure regions. The
regions where the crack propagation occurred are shiny, while fail-
ure caused by overloading occurred in the matte areas. The shininess
of the crack propagation region is caused by the high reﬂectivity of
ﬂat cleavage facets generated while cyclic loading occurred. Repre-
sentative optical images of these regions are presented in Fig. 10a.
Crack initiation typically occurred in the corner of the specimens.
The matte regions were angled at 45◦, which indicates that over-
loading caused shear deformation. An example of the observed shear
deformation is presented in Fig. 10b. The shear deformation was less
pronounced in the 90◦ specimens (see Fig. 10c), for reasons that will
be explained in a later paragraph.
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Fig. 14. Total crack length versus the stress amplitude for the as-built (a), ASM-
5662 treated (b), and modiﬁed heat treated (c) specimens. The crack length has been
normalized to their respective specimens’ widths.
Scanning electron fractographs of both the crack propagation
region and overloaded region of the different specimens are pre-
sented in Fig. 11. Higher magniﬁcation fractographs of the crack
propagation and overloading regions are presented in Fig. 12. The
area where the crack propagated has fatigue striations (Fig. 12a),
while the surface of the area where overloading occurred has dim-
ples (Fig. 12b). This conﬁrms that shear deformation occurred at the
overloaded region. While both transgranular and intergranular crack
formation occurs throughout the specimen, the majority of the fail-
ure is elastic-plastic and intergranular. There were no observable
differences in the scanning electron fractographs of the as-built and
heat treated specimens.
There were various defects detected on the fracture surfaces, and
these defects are presented in Fig. 13. One such defect was the pres-
ence of unadhered areas. These areas are created when the laser
cannot fully penetrate both the powder layer and the substrate layer.
The resulting substrate layer is smooth (see Fig. 13a). The unadhered
areas were most prevalent in the 90◦ specimens (see Fig. 11e and f).
This is the likely cause for the less pronounced shear deformations
found in Fig. 10c, since each unadhered region could act as an area
where cracks can initiate and propagate. Their size and shape were
directly affected by the print orientation. The unadhered areas of
the 90◦ specimens were large and circular, while they were smaller
and elliptical in the 0◦ specimens. Other defects that were observed
include unsintered particles (Fig. 13b), carbides (Fig. 13c), and pores
(Fig. 13d). All of these defects could ultimately reduce the fatigue life
of the specimens as compared to the wrought specimens, since they
could serve as sites for damage nucleation [25]. Neither heat treat-
ment appears to have affected the presence or number of defects in
the specimens.
Fig. 14 shows the length of the crack surface versus sa for
the as-built (14a), ASM-5662 treated (14b), and modiﬁed heat
treated (14c) specimens. The crack lengths were normalized to
allow for direct one-to-one comparison. The crack length for all
of the specimens increased as sa decreased. The crack growth
over the sa range was more gradual for the as-built specimens
than the AMS-5662 or modiﬁed heat treated specimens. At high
fatigue loads, the cracks of the heat treated specimens grew to
a greater length than the cracks of the as-built specimens. This
is due to the improved strength of the material caused by heat
treatments. However, at low fatigue loads, the as-built specimens
have higher crack lengths at failure. This is possibly due to a
reduction in ductility of the specimens caused by the heat treat-
ment.
4. Conclusions
The fatigue life of as-printed, ASM-5662 treated, and modiﬁed
heat treated SLM IN718 specimens printed at different orienta-
tions was studied. The modiﬁed heat treatment was developed to
mitigate the specimens’ anisotropic mechanical properties by mod-
ifying their microstructure. EBSD revealed that the modiﬁed heat
treatment caused the specimens’ grains to increase by a factor of
2.5 and become highly crystallized while eliminating the colum-
nar grain structure typically found in as-built SLM materials. Both
heat treatments improved the fatigue lives of the specimens, and the
fatigue lives of the modiﬁed heat treated 0◦ and 90◦ specimens were
nearly identical. Laser scanning microscopy revealed that there is a
roughness threshold that determines if the surface roughness or the
build orientation accurately predicts the fatigue life. Failure analysis
revealed that the print orientation has a greater affect on crack devel-
opment and growth than the heat treatment. This research shows
preliminary evidence that the anisotropic mechanical properties of
SLM printed specimens, including their fatigue behavior, can be
mitigated by modifying the standard wrought alloy heat treatment.
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